Rat alveolar epithelial cells (AEC) in primary culture transdifferentiate from a type II (AT2) toward a type I (AT1) cell-like phenotype, a process that can be both prevented and reversed by keratinocyte growth factor (KGF). Microarray analysis revealed that these effects of KGF are associated with up-regulation of key molecules in the mitogen-activated protein kinase (MAPK) pathway. To further explore the role of three key MAPK (i.e., extracellular signal-related kinase [ERK] 1/2, c-Jun N-terminal kinase [JNK] and p38) in mediating effects of KGF on AEC phenotype, primary rat AEC cultivated in minimal defined serum-free medium (MDSF) were treated with KGF (10 ng/ml) from Day 4 for intervals up to 48 hours. Exposure to KGF activated all three MAPK, JNK, ERK1/2, and p38. Inhibition of JNK, but not of ERK1/2 or p38, abrogated the ability of KGF to maintain the AT2 cell phenotype, as evidenced by loss of expression of lamellar membrane protein (p180) and increased reactivity with the AT1 cellspecific monoclonal antibody VIIIB2 by Day 6 in culture. Overexpression of JNKK2, upstream kinase of JNK, increased activation of endogenous c-Jun in association with increased expression of p180 and abrogation of AQP5, suggesting that activation of c-Jun promotes retention of the AT2 cell phenotype. These results indicate that retention of the AT2 cell phenotype by KGF involves c-Jun and suggest that activation of c-Jun kinase may be an important determinant of maintenance of AT2 cell phenotype.
Lung alveolar epithelium, composed of type I (AT1) and type II (AT2) cells, forms a tight functional barrier that limits the leakage of solutes and water from the interstitial and vascular compartments into the alveolar spaces, while actively transporting sodium in a vectorial fashion (1) (2) (3) . An intact epithelial barrier is essential for maintaining relatively dry alveolar spaces and normal gas exchange. In addition to their roles in surfactant production and active ion transport, AT2 cells are believed to serve as progenitors for restoration of alveolar epithelium in the adult lung during normal maintenance and repair following injury, with AT2 cells either giving rise to new AT2 cells or transdifferentiating into AT1 cells (4, 5) . Despite its importance to understanding mechanisms of lung repair, little is known regarding the signal transduction pathways that regulate phenotypic transitions between AT2 and AT1 cells.
Freshly isolated rat AT2 cells grown in culture for several days have served as a useful in vitro model with which to investigate mechanisms regulating alveolar epithelial cell (AEC) function and differentiation. AT2 cells cultured over a period of 3 to 4 days gradually lose their characteristic phenotypic hallmarks and change morphologically to resemble AT1 cells. Concurrently, levels of surfactant lipids, apoproteins, and other AT2 cell markers decline and cells increasingly acquire phenotypic markers specific for AT1 cells in situ (e.g., aquaporin-5 [AQP5] and T1a/RTI40) as well as reactivity with the AT1 cell-specific monoclonal antibody (VIIIB2), suggesting that these cells are transdifferentiating toward an AT1 cell-like phenotype resembling the process in vivo (1, 4, 5) .
Transition between AT2 and AT1 cell differentiated phenotypes in vitro appears to be highly regulable, and various experimental conditions have been identified that promote retention of the AT2 cell phenotype (4, 5) . In this regard, transdifferentiation toward the AT1 cell phenotype can be both prevented and reversed by treatment with keratinocyte growth factor (KGF) (2) . Addition of KGF to serum-free media from Day 0 maintains the AT2 cell phenotype, whereas addition from Day 4 (by which time AEC exhibit AT1 cell-like characteristics) reverses AEC transition back toward AT2 cell-like phenotype on Day 8 (2) . Specifically, KGF both inhibits and reverses expression of T1a and AQP5 and maintains and re-induces expression of surfactant apoproteins (2) . However, the mechanisms whereby KGF maintains the AT2 cell phenotype and modulates the process of transdifferentiation between AT2 and AT1 cell phenotypes have not been elucidated.
KGF is a member of the fibroblast growth factor (FGF) family, which function as growth factors by activating cell surface tyrosine kinase receptors (6) . KGF, or FGF-7, is an epithelial-specific mitogen that mediates interactions between mesenchymal and epithelial cells acting through a unique KGF receptor, FGFR-2IIIB, with intrinsic tyrosine kinase activity (6, 7) . KGF has been shown to be protective against a variety of lung injuries (e.g., radiation, bleomycin, and hyperoxia) (8) (9) (10) (11) . Effects of KGF on the lung are associated with activation of various downstream intracellular proteins such as Akt/Fas (8, 12), ERK (13), sterol-regulatory element-binding protein (SREBP)-1c, and CCAAT/enhancer binding protein (C/EBP) a and d (14) . However, the specific signal transduction pathways that mediate effects of KGF on AEC transdifferentiation have not been elucidated. In this study, we explored the mechanisms by which KGF modulates AEC transdifferentiation. Microarray analysis demonstrated up-regulation of several molecules in the mitogen-activated protein kinase (MAPK) pathway following treatment with KGF, suggesting that MAPK signal transduction pathways may be involved in AEC transdifferentiation. Our results demonstrate that retention of AT2 cell phenotype and reversal of AEC transdifferentiation from AT2 to AT1 cell-like phenotype by KGF involves c-Jun N-terminal kinase (JNK)-mediated activation of c-Jun.
MATERIALS AND METHODS
Cell Isolation and Culture AT2 cells were isolated from the lungs of adult male, specific pathogenfree, Sprague-Dawley rats (150-200 g) by disaggregation with elastase (2.0-2.5 U/ml) (Worthington Biochemical, Freehold, NJ), followed by differential adherence on IgG-coated bacteriologic plates as previously described (1) (2) (3) . Enriched AT2 cells were plated in a minimal defined serum-free medium (MDSF) onto tissue culture-treated polycarbonate (Nuclepore) filter inserts (Transwell; Corning-Costar, Cambridge, MA) at 1 3 10 6 /cm 2 and grown to confluence, forming high-resistance monolayers (1-3). Media were changed on the second day after plating and every other day thereafter. Cells were maintained in a humidified 5% CO 2 incubator at 378C. AT2 cell purity (. 85%) of freshly isolated cells was assessed by staining for lamellar bodies with tannic acid or by immunofluorescent staining with 3C9, an antibody (Ab) against p180 lamellar membrane protein (Covance, Berkeley, CA) (15), while viability (. 95%) of cells was measured by trypan blue dye exclusion.
RNA Extraction and Microarray Analysis
RNA sample preparation. RNA was harvested in Trizol reagent (Invitrogen, Carlsbad, CA), followed by purification with RNeasy columns (Qiagen, Valencia, CA). RNA quantity was assessed by absorbance at 260 nm, and purity was assessed by absorbance at 260 and 280 nm, in a Nanodrop Spectrophotometer (Nanodrop, Rockland, DE). RNA integrity and concentration were analyzed by microanalysis in an Agilent Bioanalyzer (Agilent, Palo Alto, CA).
Whole genome cDNA synthesis. Total RNA was used as a template to generate cDNA probes for hybridization according to an Affymetrix (Santa Clara, CA) protocol. Ten micrograms of RNA was combined with 100 pmol of T7-dT-primer and incubated at 708C for 10 minutes, followed by first-strand synthesis (4 ml of 53 first-strand synthesis buffer, 2 ml of 0.1M DTT, and 1 ml of 10 mM dNTP, incubated for 2 min at 428C, followed by reaction in 2 ml [200 U/ml] of reverse transcriptase for 1 h at 428C). Second-strand synthesis was accomplished by addition of 91 ml of DEPC water, 30 ml of 53 secondstrand synthesis buffer, 3 ml of 10 mM dNTP mix (200 mM each), 1 ml (2U) Rnase H, 4 ml (40 U) of T4 DNA polymerase, 1.0 ml (10 U) of DNA ligase (Escherichia coli 10 U/ml), incubated at 168C for 2 hours, followed by 2 ml (20 U) of DNA polymerase for an additional 5 minutes at 168C. The reaction was stopped by addition of 10 ml of 0.5 M EDTA. Reaction product was purified by absorption over a Phase Lock Gel light spin column (Eppendorf, Westbury, NY).
Biotinylation and amplification of cDNA. Biotinylation and amplification of cDNA were accomplished using an Enzo BioArray HighYield RNA Transcript Labeling Kit (Affymetrix). Synthesized cDNA was added to 4 ml HighYield reaction buffer, 4 ml 103 biotin labeled ribonucleotides, 4 ml DTT, 4 ml 103 RNase inhibitor mix, 2.0 ml 20X T7 RNA polymerase, and DEPC-treated water in a total volume of 40 ml. The reaction was incubated for 4 hours at 378C, and the cRNA product was purified by absorption over an RNeasy column (Qiagen).
Hybridization. Before hybridization, 15 mg of cRNA was denatured by incubation for 35 minutes at 948C. Expression analysis was performed on RGU34A whole genome chips (Affymetrix). Hybridization to the RGU34A chip was performed according to standard Affymetrix protocols. Fifteen micrograms of denatured cRNA was added to 3 ml of control oligonucleotide B2 (3 nM), 3 ml of 203 eukaryotic hybridization controls (bioB, bioC, bioD, and cre), 3 ml of herring sperm DNA (10 mg/ml), 150 ml of 23 hybridization buffer and H 2 O to a final volume of 300 ml. The hybridization cocktail was heated to 998C for 5 minutes. An Affymetrix RGU34A array was prepared by wetting for 10 minutes at 458C with 13 hybridization buffer. The hybridization cocktail was transferred to a 458C heating block for 5 minutes and then clarified by centrifugation. Buffer solution was removed from the array and the clarified hybridization cocktail was added to the array cartridge. The array was hybridized for 16 hours in a 458C rotisserie oven (60 rpm). The hybridized array was washed, labeled with phycoerythrin conjugated with streptavidin (Molecular Probes, Eugene, OR), and scanned with a GeneArray scanner (Affymetrix). Data analysis was performed using dChip and NETAFFX software (Affymetrix).
Antibodies and Reagents
3C9, a monoclonal antibody (mAb) specific for rat lamellar membrane protein p180 (Covance), was used at 1:200 for immunofluorescence microscopy (IFM) and 1:500 for Western blotting. VIIIB2 is an mAb specific for rat AT1 cells in situ (16) . Antibodies (Abs) for proteins in the MAPK pathway were all from Cell Signaling (Berkeley, CA), including phosphorylated and nonphosphorylated forms of ERK1/2, c-Jun, p38, and JNKK2, which were all used at 1:1,000 for Western blotting. Among MAPK Abs, anti-phospho-p38 is a mouse mAb and the rest are rabbit polyclonal Abs against rat proteins. Rabbit polyclonal antibodies against eIF2a (Santa Cruz Biotechnology, Santa Cruz, CA), actin (Santa Cruz), or cyclophilin B (Abcam, Cambridge, MA) were used at 1:500 in Western blotting for normalization of protein loading. KGF (10 ng/ml) was from R&D Systems (Minneapolis, MN). Specific inhibitors for ERK1/2 (PD 98059), JNK (JNKI), and p38 (SB 203580) and a negative control for JNKI were all from Calbiochem (La Jolla, CA) and were dissolved in dimethyl sulfoxide (DMSO).
Western Analysis
SDS-PAGE was performed using the buffer system of Laemmli (17) and immunoblotting followed procedures modified from Towbin (18) . AEC grown on polycarbonate filters with or without KGF treatment were rinsed with cold phosphate-buffered saline (PBS; pH 7.2) and solubilized directly into lysis buffer (50 mM Tris HCl, pH 7.4, 150 mM NaCl, 1 mM EGTA, 0.25% sodium deoxycholate, 1 mM Na 3 VO 4 , 1 mM NaF, 1% Triton X-100, and aprotinin, leupeptin, and pepstatin at 1 mg/ml each). Protein concentrations were measured using the DC Protein Analysis System (Bio-Rad, Hercules, CA). b-mercaptoethanol was added and samples boiled. Equal amounts of protein (10 mg for studies of protein phosphorylation and 5 mg for other analyses) were resolved by SDS-PAGE and electrophoretically blotted onto Immobilon-P membranes (Millipore, Bedford, MA). Membranes were blocked in 5% nonfat dry milk and incubated with primary Abs at 48C overnight. Blots were washed (33) with TBS-T (20 mM Tris-7.5, 0.5 M NaCl, 0.01% Tween-20), and incubated with respective horseradish peroxidase-conjugated secondary Abs for 45 minutes at room temperature. Antigen-Ab complexes were visualized by enhanced chemiluminescence (SuperSignal West Femto Maximum Sensitivity Substrate; Pierce, Rockford, IL) and analyzed with an Alpha Ease RFC Imaging System (Alpha Innotech, San Leandro, CA).
Immunofluorescence Microscopy
AEC monolayers grown on polycarbonate filters were fixed with icecold methanol for 15 minutes and blocked in 5% bovine serum albumin for 1 hour. AEC were then reacted with primary Abs (3C9 or VIIIB2) for 1 hour at room temperature, followed by washing (33) with PBS. AEC were incubated with biotinylated goat anti-mouse secondary Ab (1:1,000; Jackson ImmunoResearch Laboratories, West Grove, PA) for 1 hour at room temperature followed by washing (33) with PBS. Finally, AEC were incubated with fluorescein isothiocyanate (FITC)-conjugated avidin (1:1,000; Vector, Burlingame, CA). Filters were mounted onto slides in Vectashield antifade mounting medium with propidium iodide (PI, red) for nuclear staining (Vector). Slides were viewed with an Olympus BX60 microscope equipped with epifluorescence optics (Olympus, Melville, NY). Images were captured separately using monochrome filters for FITC or rhodamine isothiocyanate with a cooled charge-coupled device camera (Magnafire; Olympus). Images were imported into Adobe Photoshop (Adobe Systems, Mountain View, CA) as TIFF files.
Vector Production and Virus Preparation
Recombinant lentivirus vector and packaging constructs were produced as previously described (3). The vector construct, pRRLsin. hCMV.IRES.EGFP, consists of a human immunodeficiency virus (HIV)-based self-inactivating (SIN) replication-defective lentivirus transfer vector expressing an enhanced green fluorescent protein (EGFP) reporter gene driven by the cytomegalovirus (CMV) immediate-early promoter. Human JNKK2 cDNA was inserted to replace EGFP to generate Lenti-JNKK2. Human 293T cells (80-90% confluence) were cotransfected by calcium phosphate precipitation with 12 mg of pRRLsin.hCMV.IRES.EGFP, 10 mg of pCMVDR8.91 for viral packaging, and 8 mg of pMD.G for VSV-G pseudotyping. Viruscontaining supernatant medium from the transfected cells was harvested and concentrated through a centrifugal concentrator (Macrosep; Pall Gelman Laboratory, Ann Arbor, MI) with a 300-kD molecular mass cutoff and stored at 2808C. Titers of vector stocks were determined on HeLa cells by fluorescence activated cell sorting (FACS) with a Becton-Dickinson FACScan equipped with a 488-nm argon laser and were in the range of 2-5 3 10 6 transducing units (TU)/ml.
Viral Transduction of AEC
For lentivirus infection, medium was aspirated from the apical reservoir of AEC grown on Transwell filters cups, and fresh medium containing concentrated virus was added for 8 hours in the presence of polybrene (8 mg/ml). AEC grown on filters on Day 4 were transduced with lentivirus at multiplicity of infection (MOI) of 10, which was previously shown to have a transduction efficiency of over 60% in AEC monolayers (3).
Experimental Protocol
On Day 4 in culture, cells were either maintained in MDSF or changed to MDSF supplemented with KGF (10 ng/ml). At selected time points up to 48 hours after addition of KGF, monolayers were harvested for RNA or protein extraction or processed for IFM. Since the protective effect of KGF on lung and on AEC cell proliferation gradually reach a maximum within 2 to 3 days both in vivo (9) and in vitro (10), we chose time points between 1 and 48 hours during which to study the effects of KGF. For kinase inhibition studies, specific inhibitors for ERK1/2, JNK, and p38 at indicated concentrations were added together with KGF. A specific negative control was used for JNK inhibitor at the same molar concentration. DMSO was used as a negative control for ERK1/2 and p38.
Statistical Analysis
Densitometric analyses are shown as mean 6 SEM from at least three separate experiments. Statistical significance (P , 0.05) of differences in means was assessed by unpaired Student's t tests between two groups or by ANOVA with post hoc comparisons using modified NewmanKeuls procedures among more than two groups.
RESULTS

Microarray Analysis of KGF-Treated Monolayers
We evaluated changes in patterns of gene expression using microarray analysis during transdifferentiation of AEC from AT2 cell toward AT1 cell-like phenotype and reversal of transdifferentiation after KGF treatment. From Day 4 to Day 5 in MDSF, there was a significant change (defined by microarray intensity changes of 1.5 fold or . 40 arbitrary units) in expression of 407 genes (245 up-regulated, 162 down-regulated). KGF prevented changes in expression of 375 of these genes (92%). In particular, between Day 4 and Day 5, several genes related to the MAPK pathways were down-regulated in cells maintained in MDSF (Table 1) . Treatment with KGF from Day 4 to Day 5 largely prevented these reductions and, in the case of MAPK2, led to an overall increase in expression compared with baseline (Table 1, n 5 2).
Effects of KGF on Expression of p180 and VIIIB2
Lamellar membrane protein, p180, is highly expressed in AT2 cells and recognized by mAb 3C9 (15) . VIIIB2 is a monoclonal antibody that recognizes an epitope on the apical surface of rat AT1 cells (16) . To confirm previously observed effects of KGF on AEC phenotype using other phenotypic markers (2), expression of p180 and reactivity with VIIIB2 were evaluated in AEC maintained in MDSF 6 KGF from Day 4 for 48 hours. Compared with AEC in MDSF, expression of p180 is maintained in AEC in MDSF1KGF on Day 6, while VIIIB2 reactivity is abolished (Figure 1 ). These data indicate that KGF inhibits transdifferentiation of AT2 cells to an AT1 celllike phenotype.
Activation of MAPK Pathways by KGF
Activation of three key kinases in the MAPK signal transduction pathway (JNK, ERK1/2, and p38) was assessed by detection of both phosphorylated (activated) and total protein as functions of time. KGF treatment activated all three kinases, as indicated by phosphorylation of c-Jun (Figure 2 ), ERK1 (Figure 3) , and p38 ( Figure 4) . Activation of ERK1 and p38 increased by 1 hour, which was sustained through 6 hours and declined thereafter. JNK activation was evident by 1 hour and was sustained through 48 hours in the continuous presence of KGF.
Effects of JNK Inhibition on Reversal of AEC Transdifferentiation by KGF
We determined the contribution of each of the three key MAPK to the ability of KGF to reverse AEC transdifferentiation using specific inhibitors for JNK, ERK1/2, and p38 ( Figure  5 ). From Day 4 ( Figure 5A ) to Day 6 ( Figure 5B ) in MDSF, there was a gradual increase in VIIIB2 expression, consistent with transition to an AT1 cell-like phenotype. After addition of KGF on Day 4 for 48 hours, reactivity with VIIIB2 was markedly decreased ( Figure 5C ). Treatment of AEC from Day 4 with KGF together with ERK1/2 or p38 inhibitors did not reverse the ability of KGF to inhibit VIIIB2 expression ( Figures  5D and 5E ). However, when JNK inhibitor was added together with KGF for 48 hours ( Figure 5F ), VIIIB2 reactivity was maintained (Day 6). A specific negative control for JNKI did not affect VIIIB2 reactivity (data not shown). These results suggest that effects of KGF on AEC phenotype were antagonized by specific inhibition of JNK.
As shown in Figure 6 , acquisition of VIIIB2 reactivity and transition to an AT1 cell-like phenotype in MDSF occurred concurrently with disappearance of the AT2 cell marker, p180 ( Figure 6B ). In the presence of KGF, p180 expression was maintained ( Figure 6C ). However, inhibition of ERK1/ERK2 ( Figure 6D ) and p38 ( Figure 6E ) did not inhibit the effects of KGF on p180 expression, while KGF failed to re-induce p180 expression in the presence of a specific JNK inhibitor ( Figure 6F ).
To confirm specificity of the JNK inhibitor, c-Jun phosphorylation was evaluated by Western analysis in AEC treated with KGF in the presence or absence of JNK inhibitor. JNK inhibitor suppressed phosphorylation induced by KGF (Figure 7) .
Effects of JNKK2 Overexpression on c-Jun Phosphorylation and AEC Phenotype
To further investigate the effects of c-Jun activation on AEC phenotype, we overexpressed JNKK2, an upstream kinase of JNK, in AT2 cells on Day 4 in culture using a lentivirus vector (Figure 8 ). Forty-eight hours after transduction with Lenti-JNKK2, we confirmed that exogenous JNKK2 was expressed in Figure 8A ). AEC transduced with Lenti-EGFP for 48 hours underwent transdifferentiation, as reflected by loss of p180 and up-regulation of AQP5. These data indicate that lentivirus transduction itself did not alter transdifferentiation. AQP5 replaced VIIIB2 as the AT1cell phenotype marker in this experiment because VIIIB2 cannot be used for Western blotting (16) . However, in AEC overexpressing JNKK2, c-Jun activation led to an increase in p180 and decrease in AQP5 levels ( Figure 8B ), suggesting that activation of c-Jun in AEC maintains AT2 cell phenotype.
DISCUSSION
In this study, we explored the signal transduction pathways involved in regulation of AEC phenotype by KGF. We first confirmed our previous observations (2) that KGF can reverse the process of AEC transdifferentiation using additional phenotype-specific markers for AT1 and AT2 cells that had not been previously evaluated under these conditions. We demonstrated that lamellar membrane protein p180 is retained while reactivity with the AT1 cell-specific mAb VIIIB2 is abolished after KGF treatment. Using microarray analysis, we evaluated changes in the pattern of gene expression associated with AEC transdifferentiation in the presence and absence of KGF. Microarray analysis revealed that multiple genes in the MAPK pathway were up-regulated by KGF, leading us to focus on this pathway. We demonstrated phosphorylation of three key kinases in the MAPK pathway, namely, ERK1/ERK2, JNK, and p38, by KGF. After addition of KGF, phosphorylation of ERK and p38 increased by 1 hour and declined after 6 hours; in contrast, phosphorylation of c-Jun was increased by 1 hour and continued to increase through 48 hours. We investigated the relative importance of each kinase in mediating the effects of KGF on AEC phenotype using specific kinase inhibitors, concluding that only inhibition of JNK, but not of ERK1/ ERK2 or p38, abolishes the ability of KGF to reverse AEC transdifferentiation.
AEC can be identified by panels of phenotype-specific markers. AT1 cells are identified by their expression of AQP5 and T1a/RTI40 as well as reactivity with the AT1 cell-specific monoclonal antibody VIIIB2 (4, 5, 16) , whereas AT2 cells are identified by expression of surfactant apoproteins. 3C9, a mAb specific for rat lamellar membrane protein, p180, is a recent addition to the armamentarium of AT2 cell markers (15) . We first studied reactivity of AEC with this Ab during the process of transdifferentiation. On Day 4 in culture, when transdifferentiation is well advanced based on previous reports using surfactant proteins (2), weaker but clearly detectable levels of p180 were still present by both IFM and Western blotting. However, by Day 6, p180 was no longer detectable. The time course is consistent with the original report describing this Ab (15) .
AEC transdifferentiation toward an AT1 cell-like phenotype can be both prevented and reversed by treatment with KGF (2). Addition of KGF to serum-free media from Day 0 maintains the AT2 cell phenotype, while addition at Day 4 (by which time AEC begin to exhibit AT1 cell characteristics) reverses the transition and re-induces expression of AT2 cell phenotypic markers on Day 8. Specifically, KGF reverses expression of T1a and AQP5 and re-induces expression of surfactant apoproteins (2) . KGF has long been known to enhance surfactant synthesis (14), consistent with the notion that KGF preserves AT2 cell characteristics. However, the . KGF induces phosphorylation of p38. AEC monolayers were maintained in MDSF or changed to MDSF 1 KGF (10 ng/ml) on Day 4. At 1, 6, 24, and 48 hours after treatment, protein samples were harvested for Western blot to detect levels of phosphorylated (A) and total (B) p38. eIF2a was used as a loading control (C ). Densitometric analyses (mean 6 SEM, n 5 3) are expressed as phosphorylated p38 normalized to total p38 at 1 hour (D). N denotes negative control (MDSF). K denotes MDSF 1 KGF. *Significantly different from N at 1 hour. mechanisms whereby KGF maintains the AT2 cell phenotype and modulates transdifferentiation between AT2 and AT1 cell phenotypes are not well understood. KGF is a member of the fibroblast growth factor (FGF) family which function as growth factors by activating cell surface tyrosine kinase receptors (6, 8) . KGF, or FGF-7, is an epithelial-specific mitogen that mediates interactions between mesenchymal and epithelial cells through a unique KGF receptor (KGFR, FGFR2IIIb) (6). Evidence exists that binding of KGF to KGFR activates MAPK pathways in AEC (6, 13, 19, 20) , but it was not known whether activation of MAPK is involved in AEC transdifferentiation.
Significant changes in patterns of gene expression would be expected during the dramatic phenotypic changes that accompany AEC transdifferentiation. Using a microarray approach, we have previously identified genes of known function that are preferentially expressed in AEC of an AT1 cell-like phenotype (1). In the current study, microarray analysis revealed changes in expression of multiple genes in the MAPK pathway during transdifferentiation and after KGF treatment, suggesting a role for this pathway in mediating phenotypic changes in response to KGF. Results of microarray analysis led us to focus further on the MAPK pathway to determine whether these kinases were being activated in response to KGF. Activation of the MAPK pathway is characterized by phosphorylation of the three key kinases. We determined the phosphorylation status of these kinases using specific antibodies for phosphorylated and total proteins of each kinase. Western blotting demonstrated increased phosphorylation of the three key kinases of the MAPK pathway, namely, JNK, ERK1/2, and p38, following treatment with KGF. Phosphorylation of both ERK and p38 are characterized by an early peak at 1 to 6 hours followed by decline to basal level by 48 hours. Comparable patterns for ERK and p38 activation in AEC have been reported. In particular, Portnoy and coworkers (13) reported that KGF at higher concentrations (20 mg/ml) activated ERK1/2, peaking in 5 to 15 minutes and declining thereafter. In contrast, phosphorylation of c-Jun, representing activation of JNK, was observed by 1 hour and remained increased for 48 hours in the present study. In a previous report, JNK activation was not observed after KGF treatment in AEC for a shorter period (13) . However, AEC culture conditions were different, in that serum was continuously present in the earlier experiments (13) , while in the present study AEC were cultured in serum-free conditions. It is well known that numerous growth factors are present in serum (5) and could induce baseline activation of MAPK. Recently, it was reported that KGF can activate JNK, which in turn induces lipogenesis in H292 cells, a process considered to simulate surfactant production in AT2 cells (14) . Thus, it seems clear that cellular mechanisms exist in AEC by which KGF causes JNK activation.
MAPK pathways are important in cell proliferation and differentiation (21, 22) . Inhibition of downstream MAPK such as Akt (12) and ERK (13) can block the proliferation of AT2 cells induced by KGF. Activated JNK (and p38) are associated with induction of apoptosis, whereas activation of ERK is linked to cell growth in many cell types, including A549 cells of lung epithelial origin (7, 12, 20) . Activation of JNK directly phosphorylates or up-regulates expression of various transcription factors, including c-Jun (21, 22) . In the present study, we took advantage of specific inhibitors for each of the three key MAPK (p38 [23, 24] , ERK1/2 [25, 26] , and JNK [27, 28] ) and identified the specific pathway within the MAPK cascade that is responsible for KGF effects on AEC transdifferentiation. Our study indicates clearly that activation of JNK, but not ERK1/2 and p38, is specifically involved in KGF effects on AEC differentiation.
The JNK family comprises JNK1, JNK2, and JNK3. JNK1 and JNK2 show a broad tissue distribution, whereas JNK3 is expressed predominantly in neurons, cardiac muscle, and testes (28, 29) . Although in the present work we did not determine the subtype of JNK activated by KGF, the inhibitory effect seen in this study is probably predominantly associated with JNK1, since the negative control used for JNKI has a mild inhibitory effect on JNK2 and JNK3 (27) (28) (29) , and yet it had no effect on AEC phenotypic changes after KGF treatment. Our results are consistent with previous reports that KGF activates JNK1 (30).
Activation of ERK1/2 and p38 were transient, while the activation of c-Jun was sustained throughout the entire observation period. A difference in the time course of phosphorylation in the three MAPK has been observed in other studies (31) . Prolonged activation of JNK has been repeatedly reported (32) (33) (34) . For example, activation of JNK can persist for days in renal cells after injury, leading to tubulointerstitial fibrosis through proliferation or apoptosis in native renal cells (35) . A sustained effect is probably necessary for a process such as cellular phenotypic change. For example, p38 was not activated in nicotine-induced, MAPK-mediated up-regulation of tyrosine hydroxylase, while ERK1/2 activation was short and not required (32) . By contrast, JNK phosphorylation was required for tyrosine hydroxylase activation in PC12 cells, albeit delayed and prolonged (with a similar time course to that seen in the present study) (32) . The upstream kinases in the JNK pathway include JNKK 1 and 2 (36, 37) . JNKK1 activates both JNK1 and p38, while JNKK2 is highly specific for JNK with no activation of p38 (36, 37) . Overexpression of exogenous JNKK2 resulted in phosphorylation of c-Jun. This was accompanied by reduced expression of the AT1 marker AQP5 and induction of the AT2 cell marker p180, similar to the effects observed after KGF treatment, further supporting the notion that KGF modulates AEC transdifferentiation through activation of c-Jun. In summary, our results indicate that c-Jun activation is a critical pathway through which KGF mediates phenotypic transitions in AEC and is likely one of the mechanisms by which KGF mediates protective effects after injury and during repair of the lung.
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